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The structure of La1−xCaxMnO3 solid solutions (x=0, 0.25, 0.50, 0.67, 1) under high pressure
(up to 40-45 GPa) has been investigated by synchrotron X-ray powder diffraction (XRD) in order to
characterize their volume vs. pressure (P-V) equation of state. All the members of the solid solution,
except the extreme compounds: LaMnO3 and CaMnO3, present low pressure orthorhombic Pnma
phase evolving toward an high pressure tetragonal (I4/mcm) symmetry. The details of this transition
are related to the Ca doping: on increasing the Ca content, the critical pressure of the transition
decreases, but the energetic cost of the transition increases. This study depicts a peculiar evolution
of structural distortions as a function of pressure and concentration.
I. INTRODUCTION
Manganese oxides with perovskite structure form solid
solutions of the type: (ReMnO3)1−x(MeMnO3)x, in
which trivalent rare earth ions (Re = La, Pr, Y) are pro-
gressively substituted with divalent metal ions (Me =
Ca, Ba, Sr). This substitution produces a mixed-valence
state of Mn3+ and Mn4+ ions giving rise to a phase dia-
gram rich in interesting transitions and phenomena such
as metal to insulator transition (MI), magnetoresistance
(MR) and charge ordering (CO) effects. Some of these
oxides, in a range of composition, are ferromagnetic met-
als at low temperatures and become insulator above the
Curie temperature (Tc). Crossing Tc is often associ-
ated with a large magnetoresistance effect that stimu-
lated the research interest since the early 1950’s1. In the
last decade the discovery of huge magnetoresistance in
some of these compounds, named Colossal Magnetore-
sistance (CMR), renewed intense attention on these ma-
terials; besides their potential applications, these com-
pounds are intriguing from a fundamental point of view
in the field of strongly correlated systems.
The special features of manganese oxide perovskites
originate from a delicate balance among structural, mag-
netic and electronic degrees of freedom whose main in-
gredients are: the double exchange (DE) and super-
exchange (SE) interactions between Mn ions, plus the
coupling between charge carrier and lattice distortions
driven by the Jahn-Teller effect on Mn3+ ions. The con-
cept of DE was introduced1,2,3 long ago to describe the es-
sential interactions among Mn ions giving rise to the MR
effect: the DE, in fact, is dependent on the electron hop-
ping probability t, between Mn3+ and Mn4+ ions. The t
is affected by the relative alignment of Mn4+/Mn3+ core
spin (t2g) owing to the strong Hund coupling between t2g
and eg electron spins. Thus, an external magnetic field
which aligns the t2g spins, promotes the eg charge hop-
ping, producing a negative MR effect. The relevance of
charge to lattice coupling (e-p), driven by the Jahn-Teller
effect on Mn3+ ions, has been recognized only recently4,5:
it provides the localization energy to drive the metallic
state to an insulator below the room temperature and
is essential to explain the huge MR effect. Finally the
SE coupling, that is responsible for antiferromagnetic
(AFM) interaction between the t32g states at neighbor-
ing sites, is a fundamental ingredient stabilizing charge
ordered phases in the x ≥ 0.5 compounds.
The La1−xCaxMnO3 series of solid solutions is the pro-
totype of mixed-valence perovskites, with similar ionic
sizes of Ca and La allowing one to obtain solid solu-
tion over the entire concentration range. The phase di-
agram of La1−xCaxMnO3, in terms of magnetic, elec-
tronic and structural properties as a function of temper-
ature and composition appears complex6: around (and
above) room temperature (RT) all the compounds are
paramagnetic insulators (PM-I). Ca doped compounds,
in the ∼ 0.2 ≤ x < 0.5 composition range, exhibit a
paramagnetic-insulator (PM-I) to ferromagnetic-metallic
(FM-M) phase transition upon cooling. The transition
temperatures (Tc-TMI) can be tuned by applying a mag-
netic field and this gives rise to the so called CMR effect.
In the La doped compounds (that is in the 0.5 ≤ x < 0.85
range) the prevalence of the AFM super-exchange cou-
pling among Mn ions results in low temperature charge
ordered (CO) phases that are insulating due to the re-
duced DE coupling7. In a narrow region of composition
around x = 0.5 the competition between the FM double
exchange and the AFM super-exchange coupling makes
the magnetic, electronic and structural phase diagram
2highly intricate with the appearance of complex charge
ordered superstructures8.
It is well-known that the atomic structure of these sys-
tems influences the electronic and magnetic structures in
diverse ways. From the structural point of view LaMnO3
(Mn3+ ions) is only made of Jahn-Teller (JT) distorted
MnO6 octahedra while, in the CaMnO3 (Mn
4+ ions), the
MnO6 octahedra are undistorted. The doped compounds
show a complex behaviour as a function of temperature
and doping: large JT effect is observed in the high tem-
perature PM-I phase, whose amplitude decreases with
increasing the Ca content9,10,11,12. A sudden drop of
MnO6 JT distortions accompanies the insulator to metal
transition on cooling the sample (0.2 ≤ x < 0.5) across
Tc-TMI
9,13,14,15. The low temperature CO phases ob-
served in La doped oxides (x ≥ 0.5) are characterized by
large cooperative JT effect enhancing the MnO6 coherent
distortions16. Not only the long range geometric struc-
ture, but also the local structural aspects over the short
and medium ranges have profound influence on the phys-
ical properties of Mn perovskites, as they determine the
relative strengths of various interactions involved. Thus,
structural deformation, which modifies the distance be-
tween Mn ions, the Mn-O-Mn bond angle and the cell
volume, strongly affects the physical properties of the
compound such as the electrical conductibility, the mag-
netic response, Tc, TMI and so on
17,18.
Relevant information on the physics of these ma-
terials can be derived from studies under high pres-
sure19,20,21,22,23,24 since squeezing the structure is a way
to alter the scale of the interactions involved. Studies as
a function of hydrostatic pressure, in the relatively low
pressure region (up to 2-3 GPa) reported the increase of
charge delocalization 19,23 and suggested, in accordance
with chemical pressure results, a progressive metalliza-
tion of the system in the higher pressure region. However,
recently, complementary observations from Raman25 and
IR26 spectroscopy, as well as electrical conductibility and
X-ray diffraction (XRD)27 on La0.75Ca0.25MnO3 under
higher pressures (up to about 12 GPa) have reported the
occurrence of a competing mechanism which is activated
raising the pressure above 6-7 GPa. This mechanism ap-
pears to compete with the charge delocalization prevent-
ing the metallization of the system raising the pressure
at least till 12 GPa. These recent findings strongly sug-
gest the need for a systematic investigation of the high
pressure properties of these compounds.
In this work we describe the structural phase diagram
of La1−xCaxMnO3 compounds as a function of pressure
up to about 40 GPa and composition (0 ≤ x ≤ 1),
thereby providing a complete description of this inter-
esting class of systems. The crystallographic structure of
the samples has been studied by synchrotron radiation
XRD technique.
II. EXPERIMENTAL AND DATA ANALYSIS
La1−xCaxMnO3 samples were prepared by conven-
tional solid-state reaction method using La2O3, CaCO3
and Mn3O4 precursors mixed in stoichiometric propor-
tions. Soft chemistry procedures have been employed
to prepare the stoichiometric LaMnO3 and CaMnO3 ox-
ides. Stoichiometric amounts of analytical grade La2O3,
Ca(NO3)2 and MnCO3 were dissolved in citric acid. The
citrate solutions were slowly evaporated, leading to or-
ganic resins containing a random distribution of the in-
volved cations at an atomic level. All the organic ma-
terials were eliminated in a treatment at 700◦C in air,
for 12 hours. This treatment gave rise to highly reac-
tive precursor materials, amorphous to X-ray diffraction
(XRD). LaMnO3 precursor was then treated at 1100
◦C in
a N2 flow for 12 hours: inert-atmosphere annealing was
required to avoid the formation of oxidized LaMnO3+δ
phases (rhombohedral in symmetry), thus minimizing the
unwanted presence of Mn4+. CaMnO3 precursor was an-
nealed in air at 1100◦C for 12 h. All the compounds
appear single phase at standard X-ray diffraction analy-
sis.
High pressure X-ray Diffraction experiments were per-
formed at the high pressure beam line (ID9) of the Euro-
pean Synchrotron Radiation Facility (ESRF) in Greno-
ble (France). Powder diffraction patterns were collected
using an angle dispersed set-up based on a MAR345
imaging plate detector. The monochromatic beam (λ =
.41436 A˚) was focussed to 30× 30 µm2 spot using a Pt-
coated mirror (vertical focus) and an asymmetrically cut
bent Si (111) Laue monochromator (horizontal focus)28.
Hydrostatic compression was achieved in a ”Le Toullec”
type diamond anvil cell (DAC). The diameter of the dia-
mond culet was 300 µm, smaller than in our previous ex-
periment (27) but it is mandatory in order to reach higher
pressures. A stainless steel gasket with a 125 µm hole
diameter was used. Finely ground sample powder was
placed in the gasket hole using nitrogen as pressure trans-
mitting media. The diamonds, mounted with a thrust
axis parallel to the incident beam, allowed collecting a
diffraction cone of about 25◦ in 2θ. The collection time
was fixed to 5 s for each sample. The DAC oscillates in
between ±3◦. during acquisition in order to improve the
statistics over the sample orientations. The pressure on
the sample was determined before and after each imag-
ing, by monitoring the fluorescence line shift of a small
ruby pellet enclosed in the DAC with the sample.29 XRD
patterns were collected at room temperature in the pres-
sure range 0-40 GPa with steps of about 1 GPa. 2D-XRD
patterns were collected on a MAR345 Imaging Plate (IP)
with a pixel dimension of 100×100 µm2 placed about 300
mm from the sample. With this set-up, the angular reso-
lution calibrated on Si-NBS, was of about 0.04◦ FWHM
in 2θ. The images were treated using the FIT2D pack-
age30 in order to have standard intensity vs. 2θ patterns,
corrected for geometrical effects. Structural refinement of
integrated profile patterns was achieved through the Ri-
3FIG. 1: Typical 2D XRD pattern as collected using the
MAR345 detector.
etveld method as implemented in the GSAS package.31
Pseudo-Voigt profile function proved to be appropriate
to fit the experimental pattern without asymmetry cor-
rection. The background was modelled using a 12 term
expansion of the Chebychev polynomial function.
In figure 1, a raw 2D XRD pattern image as collected
from a perovskite sample is presented. The very re-
duced sample volume probed by the XRD beam (being
≈ 10−9cm3) produces large orientational effect as shown
by the inhomogeneous intensity distribution along the
Debye rings. It is clear that the angular dispersed set-up
and the 2D detector are mandatory for such a kind of
experiments since it represents the only way to recover
the preferred orientation effect and obtain a reliable pat-
tern intensity. In addition the MAR345 detector allows
collecting data of high quality thanks to the high count
statistics, to its linearity and to the rapid acquisition
time avoiding for pressure gradients during collection. It
is important to note that this detector allows reading
in situ the 2D patterns, this avoids incertitude in the ex-
perimental geometry calibration (beam center, sample to
detector distances, detector tilts) that, on the contrary,
may cause larger problems using ex-situ IP read-out de-
vices.
Before we proceed to the data presentation and to the
discussion of the results it is worth while to notice that
though the absolute accuracy of XRD pattern analysis
can be affected by the calibration procedure (beam wave-
length, sample to detector distance and so on), the rela-
tive modifications of XRD patterns induced by the pres-
sure is reliable being largely independent of such factors.
Thus, structural evolution under pressure and, more in
general, relative changes in structural features, can be
followed with very high accuracy with this set up, aris-
ing from the exceptional statistics and the integration
 
FIG. 2: XRD patterns for the five samples investigated at low
pressure (P≈ 3GPa, panel a) depict the same Pnma space
group symmetry. The high pressure phases (P≈ 30GPa,
panel b) are function of the sample composition: x=0 sample
present Imma orthorhombic phase, x=0.25, 0.5 and 0.67 have
tetragonal I4/mcm high pressure phase, x=1 has orthorhom-
bic Pnma phase in the whole pressure range investigated.
over the whole Debye rings allowing also weak pattern
modifications to be recognized.
The equation of state has been quantitatively analyzed
by fitting the V vs. P curves with the Birch-Murnaghan
(B-M) equation of state32. The B-M equation is based on
the assumption that the strain energy can be expressed
as a Taylor series in the finite strain f. There are sev-
eral alternative definitions for f corresponding to differ-
ent equation of state, each one leading to a different re-
lationship between P and V. The B-M equation is based
on the so called Eulerian definition of f that is:
fE =
1
2
[
(V0/V )
2/3 − 1
]
(1)
and the expansion to the fourth order in the strain yields:
P = 3B0fE(1 + 2fE)
5/2
[
1 +
3
2
(B′ − 4)fE+
3
2
(
B0B
′′ + (B′ − 4)(B′ − 3) + 35
9
)
f2E
]
(2)
The bulk modulus at the zero pressure (B0 =
−V ∂P/∂V ) and its pressure derivatives (B′ = ∂B/∂P
and B′′ = ∂2B/∂P 2) characterize the stiffness of the
solid. If the equation is truncated at the second order
in the energy, then the coefficient of fE must be iden-
tical to zero, thus B′ = 4. The truncation to the third
order, that implies the coefficient of f2E equals zero, gives
a three parameters equation: V0, B0 and B
′, and im-
plies B′′0 = −1/B0[(3 − B′)(4 − B′) + 35/9]. Within
this formalism the normalized pressure is defined as:
4TABLE I: Refined structural parameters from synchrotron ra-
diation X-ray diffraction for LaMnO3 at selected pressures in
the Pnma and Imma space groups. Numbers in parentheses
are statistical errors at the last significant digit. The atomic
positions in the Pnma are: Mn (0.,0.,0.5); La and O(1) (x,
0.25, z); O(2)(x, y, z). In the Imma space group the atomic
positions are: Mn (0., 0., 0.5); La and O(1) (0., 0.25, z) and
O(2) (0.25, y, 0.75).
2.1 GPa 16.3 GPa 28.2 GPa
(Pnma) (Imma) (Imma)
a (A˚) 5.6349(4) 5.2703(8) 5.320(2)
b (A˚) 7.6912(5) 7.522(1) 7.391(2)
c (A˚) 5.5233(4) 5.47323(5) 5.362(2)
V (A˚3) 329.28(2) 221.10 218.83
La x 0.0430(5)
z 0.9999(1) -0.001(2) 0.017(1)
O(1) x 0.497(6)
z 0.088(6) 0.083(3) -0.071(8)
O(2) x 0.293(5)
y 0.034(3) 0.054(2) -0.035(4)
z 0.714(7)
RWP % 2.53 2.30 2.90
χ2 0.7 0.6 0.6
FE = P [3fE(1 + 2fE)
5/2]−1 so that the plot FE vs. fE
gives an intuitive way to determine the order of the B-M
equation: a constant FE(fE) implies a second order B-M
equation of state, a linear trend requires a third order B-
M equation and quadratic trend justifies the fitting with
a fourth order equation of state.
III. RESULTS
The figure 2 reports examples of low and high pressure
XRD patterns for the investigated samples as a function
of composition. Despite the Ca doping, 0 ≤ x ≤ 1, all
the members of the family, at low pressure, represent
an orthorhombic structure described by the Pnma space
group. Such a structure is derived from the ideal cubic
perovskite structure in which the MnO6 octahedra, are
located on the cube corners, while the La/Ca ions oc-
cupy the cube centers. However, since the La/Ca ions
are too small to fill the free space inside the cube (size
mismatch), the space filling is achieved mainly by tilting
the MnO6 octahedra with respect to the crystallographic
planes, thus deforming the cube and doubling the unit
cell along the b axis (figure 3a). Within the Pnma space
group description, the lattice parameters (a, b, c) are re-
lated to the edge of the ideal perovskite cubic cell ap, by
a = c ∼
√
2ap and b = 2ap. The two inequivalent oxy-
gen sites in the Pnma structure also allow taking into
account the JT distortion of MnO6 octahedra observed
for x < 1. High pressure structures are found to depend
FIG. 3: The main structural features found in the high
pressure phase diagram of La1−xCaxMnO3 samples: the or-
thorhombic Pnma structure (a) is characterized by three in-
dependent Mn-O distances and three tilt modes. The Imma
structure (b) has two independent Mn-O distances and two
two tilt modes. The tetragonal I4/mcm structure (c) has two
independent Mn-O distances and one tilt mode.
on the Ca doping: the structure of LaMnO3 remains or-
thorhombic, but the space group changes from Pnma to
Imma characterized by alternate rotation of the octahe-
dra around the [101] direction (figure 3b). The high pres-
sure phase in doped compounds (0 < x < 1) is tetragonal
(I4/mcm), characterized by alternate rotation of the oc-
tahedra around the [001] axis (figure 3c). The structure
of CaMnO3 remains orthorhombic in the Pnma space
group in the whole pressure range investigated.
The structural evolution of the samples as a function
of pressure and composition is detailed in the following
sections.
A. LaMnO3
Typical diffraction patterns of LaMnO3 in the pressure
range 1-32 GPa are shown in figure 4 and an example of
the profile fitting (P=11.7 GPa) is reported in figure 5.
The good data quality allows a satisfactory refinement
up to P = 32 GPa yielding reliable lattice parameters
and atomic positions.
The figure 6(0.0-a) reports the evolution of LaMnO3
lattice edges as a function of pressure. The b-axis values
reported in the figure are normalized by a factor 1/
√
2,
corresponding to a pseudo-cubic representation of the lat-
tice. The compressibility is different along the three axes
and evolves differently as a function of the applied pres-
sure as shown by the data reported in figure 6(0.0-a): the
LaMnO3 a-axis represents the soft compressibility direc-
tion up to about 16 GPa, thus the a-axis compressibility
decreases. The b-axis compressibility changes (slightly
5 
FIG. 4: Selected XRD patterns of LaMnO3 as a function
of applied pressure collected at RT. Pressure are reported in
GPa.
decreases) above ≈ 20 GPa. Along the c-axis, the com-
pressibility decreases smoothly till about 14 GPa and
then it abruptly increases above ≈ 14 GPa. This trend is
in qualitative agreement with that reported recently33.
The structure of LaMnO3 remains orthorhombic up to
35 GPa.
However the changes of compressibility along the three
axes in the region 10-20 GPa, are indicative of a phase
transition and the progressive decrease of intensity of
the (1 1 1) reflection (see figure 4) is suggestive of a I
space group, since the reflections with h+k+l odd are
forbidden by this symmetry. This qualitative hypoth-
esis is further confirmed by the impossibility to achieve
satisfactory structural refinement convergence within the
Pnma space group above ≈ 15 GPa. The refinements of
XRD profiles demonstrate a change of space group from
Pnma to Imma above ≈ 15 GPa, as evidenced by the
volume compressibility change visible in figure 6(0.0-b).
The Imma space group is derived from the ideal cubic
perovskite structure by a single rotation of the octahe-
dra around the [1 0 1] cubic direction (figure 3). This
phase has been already observed in manganese oxide per-
ovskites containing cations with a large ionic radius, such
as La0.70Ba0.30MnO3
34, as a result of chemical substi-
tution effect. However, Pnma-Imma transition in the
present case of physical pressure does not involve any
intermediate trigonal phase that is observed in studies
performed as a function of the chemical pressure34. The
smoothness in the evolution of the cell parameters and
cell volume as a function of applied pressure (figure 6(0.0-
a,b)) demonstrate the continuous (second order) nature
of this phase transition. The V vs. P curve is well de-
scribed by a third order Birch-Murnaghan equation of
state35, yielding the values reported in table III for the
bulk moduli, Bo and B
′. These values are in agreement
with those reported in literature33. The values of B′
(that is 9.5 in the Pnma phase and 12 in the Imma
phase) are large in comparison to those typical of crystals
with nearly isotropic compression that ranges in between
4-6. These large values found here must be related to
the anisotropic compressibility along the three axes, as
already suggested in ref.33. The bulk modulus and its
derivative increase through the Pnma to Imma transi-
tion pointing out the increasing stiffness of the structure.
The Pnma to Imma transition increases the stiffness of
the structure with the doubling of the bulk modulus, from
about 100 GPa to 200 GPa.
We can clearly notice from fig. 6a that a and c axes
lengths approach each other raising the pressure toward
the maximum value (32 GPa). This trend, in analogy
with the results obtained on the other samples (see be-
low), may suggest an impending orthorhombic to tetrago-
nal phase transition which might be reached at somewhat
higher pressure.
The good quality of the patterns allows reliable refine-
ment of the atomic positions from which the Mn-O bond
distances are calculated, as reported in figure 6(0.0-c). In
the Pnma phase, the three Mn-O distances remain dis-
tinguishable, above the statistical uncertainty, till about
14 GPa. This finding, in agreement with recent neutron
diffraction results36, demonstrates the stability of JT ef-
fect even in the high pressure region. The Pnma to Imma
transition provokes the collapse of the three Mn-O dis-
tances into one single value, representing removal of the
coherent JT distortion.
FIG. 5: Example of XRD Rietveld profile refinement on
LaMnO3 pattern collected at 11.7 GPa. Experimental data
(crosses) best fit profile (line) and residual (shifted for clarity)
are shown. Markers represent the expected positions for the
diffraction lines.
The orthorhombic strains in the ac plane, Os‖ = 2(a−
c)/(a + c), and along the b axis with respect to the ac
6plane, Os⊥ = 2(b/
√
(2) − (a + c)/2)/(b/
√
(2) + (a +
c)/2), are reported in figure 6(0.0-d). They represent the
deviation of the structure from an ideal cubic cell. Os‖
is quite large (∼2%) at low pressures decreases to zero
(a = b) around 10 GPa. Thus it increases in absolute
value reaching the -2% in between 15 and 25 GPa. The
decreasing trend (in absolute value) of Os‖ raising the
pressure above 25 GPa is one other finding suggesting an
incoming tetragonal transition to be reached at higher
pressure (see the panel 0.25-d in figure 6). The effect of
pressure on the Os⊥ is weaker: in the Pnma phase it
decreases (in absolute value) from -2.8% to about -2%,
and remains quite unchanged in the high pressure Imma
phase.
TABLE II: Refined structural parameters from refinement of
La0.75Ca0.25MnO3 XRD patterns at selected pressures in the
Pnma, Imma and I4/mcm space groups. Numbers in paren-
theses are statistical errors at the last significant digit. Ex-
ample of structural refinement within the Imma space group
(P ∼ 20GPa) is reported in the third column. The atomic
positions in the Pnma are: Mn (0., 0., 0.5); La and O(1): (x,
0.25, z); O(2) (x,y,z). In the Imma space group are: Mn (0.,
0., 0.5); La and O(1) (0., 0.25, z) and O(2) (0.25, y, 0.75). In
the I4/mcm space group the atomic positions are: Mn (0., 0.,
0.); La/Ca and O(1) (0., 0., 0.25) and O(2) (x, x+0.5, 0.).
6.1 GPa 20.2 GPa 27.1 GPa 38.2 GPa
(Pnma) (Imma) (I4/mcm) (I4/mcm)
a (A˚) 5.4133(3) 5.3231(3) 5.2846(6) 5.2050(2)
b (A˚) 7.6500(5) 7.4867(1) 7.587(2) 7.561(2)
c (A˚) 5.4478(3) 5.3813(1)
V (A˚3) 225.61(1) 214.45 211.9 204.84
La/Ca x 0.07(1)
z -0.001(1) -0.058(6)
O(1) x 0.49(2)
z 0.113(6) 0.059(6)
O(2) x 0.28(1) 0.31(1) 0.32(1)
y 0.033(4) -0.016(4)
z 0.718(8)
RWP % 3.80 3.07 2.93 2.63
χ2 0.7 0.4 1.2 0.6
B. La0.75Ca0.25MnO3
The high pressure structural behavior of
La0.75Ca0.25MnO3 was investigated by some of us
in a recent work27 extending the pressure range up to
about 12 GPa. In this experiment we have been able to
extend the pressure range up to about 40 GPa by using
a smaller diamond culet in the DAC cell. Unfortunately,
the quality of the data collected in this sample is slightly
poorer than in the previous experiment. This is partially
due to the smaller sample volume that reduces the
TABLE III: Bulk moduli at the zero pressure (Bo) and their
pressure derivatives (B’ and B”) derived by fitting the V(P)
data with the B-M equation of state.
La1−xCaxMnO3 B0 B
′ B′′
phase (GPa) B′ (GPa−1)
x=0 Pnma 104(2) 9.5(2)
Imma 200(5) 12.0(6)
x=0.25 Pnma 136(4) 10.2(3)
Pnma* 176(6) 3.3(1) 0.9(3)
I4/mcm 310(30) 7(3)
x=0.5 Pnma 172(5) 5.7(6)
I4/mcm 253(5) 6.4(8)
x=0.67 Pnma 210(7) 2(1)
I4/mcm 186(7) 4(1)
x=1 Pnma* 195(3) 2.9(2) 0.2(1)
statistics in XRD patterns. For this reason we have
a slightly larger uncertainty refining the the lattice
parameters and, in particular, refining the Mn and O
atomic positions. Notice, however, that the new values
are in agreement with those previously reported in the
overlapping range (figure 6(0.25)).
The lattice parameters reported in figure 6(0.25-a) de-
pict a decreasing trend as a function of the applied pres-
sure till about 20 GPa. The easy compressibility axis
above 10 GPa is the b−axis. The evolution of the b-axis
as a function of the applied pressure is quite smooth till
about 27 GPa. On the contrary, we notice a smooth
change of slope in the a and c-axes vs. P curves above
∼ 10 GPa. Changes in a- and c-axes compressibility
become more accentuated on raising the pressure above
∼ 20 GPa, causing the convergence of a and c lattice
parameters in the region preceding to the orthorhombic
(Pnma) to tetragonal (I4/mcm) phase transition occur-
ring around 27 GPa. We must notice that the intensity of
the (1 1 1) reflection in the XRD patterns becomes pro-
gressively weaker on raising the pressure as we already
observed in LaMnO3. This trend and the change of com-
pressibility along the a- and c-axes are compatible with a
sluggish Pnma to Imma phase transition starting around
17-20 GPa. This hypothesis is in agreement with the re-
ported Pnma to I4/mcm through Imma phase transition
as a function of average cation size37. We must notice, in
addition, that we found a progressive increase of the χ2
factor refining our XRD patterns above 10-13 GPa. This
suggests that the progressive appearance of other crys-
tallographic phases, together with the Pnma one, may
even be starting at lower pressures. The hypothesis of
parasitic phases above ∼ 10 GPa is also in agreement
with the quadratic trend observed in the plot of the nor-
malized pressure, FE , as a function of the Eulerian strain
fE (see below).
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FIG. 6: The principal structural parameters for x=0 (0.0 plots), x=0.25 (0.25 plots), x=0.5 (0.5 plots) and x=0.67 (0.67
plots) samples as a function of the applied pressure. Panels a show the lattice parameters (a=squares, b/
√
2=diamonds and
c=triangles). The volume vs. pressure data are reported in panels b (squares black), the continuous gray lines refer to the fit
of the Birch-Murnaghan equation of state. Mn-O distances are shown in panels c: three different Mn-O distances are found
in the Pnma phase and only two in the tetragonal phase. The grey line is a smooth fit through the average Mn-O distance
points. Panels d report the orthorhombic (tetragonal) strain parallel (Os‖) to the ac plane (squares) and along b with respect
to the ab plane (Os⊥) (diamonds). For sake of comparison the previous results for x=0.25 sample are also reported in panels
0.25-b (open circles), 0.25-c (small symbols without error bars) and 0.25-d (small diamonds).
8The V(P) curve reported in figure 6(0.25-b) depicts
an evident change of slope around 27 GPa, in correspon-
dence of the orthorhombic to tetragonal phase transition.
The fitting with a third order B-M equation of state35
in the P less than as well as above 27 GPa allows ex-
tracting the values of the bulk moduli in the Pnma and
I4/mcm phases, respectively. We found B0=136 GPa
and B′ ∼ 10 in the orthorhombic phase, and B0 ≈ 300
GPa and B′ ∼ 7 in the high pressure tetragonal phase
(table III). The values of B0 and B
′ are respectively
smaller and larger in the Pnma phase than those previ-
ously reported27, namely B0=178 GPa and B
′ ∼ 4. The
B′ value is anomalously high, similar to that previously
observed in the LaMnO3 sample, even if, in this sam-
ple the compressibility anisotropy along the three axes is
less evident. The figure 8 shows the plot of the normal-
ized pressure, FE , as a function of the Eulerian strain
fE for La0.75Ca0.25MnO3 sample. In this plot, a non lin-
ear trend in the FE(fE) curve is evident, suggesting the
fitting with a fourth order B-M equation. In this case
the best fit gives the following values for the bulk mod-
ulus and its derivatives: B0 = 176 GPa , B
′ = 3.3 and
B′′ = 0.9 GPa−1. Notice that in this case the values
found for B0 and B
′ are in agreement with our previous
findings obtained over a restricted pressure range, and
the B′ is consistent with the more isotropic compress-
ibility of the structure. The quadratic trend found in the
FE vs. fE curve could suggest the growing of parasitic
phases already around 10 GPa.
Around 25 GPa the orthorhombic structure becomes
unstable and the system evolves towards a tetragonal
structure (I4/mcm). This phase transition is character-
ized, below the critical pressure, by a sort of plateau of
the V(P) curve. The smoothness of the phase transi-
tion is characterized by a progressive decrease of c, which
“fuses” with a. One may wonder why b increases with
pressure, since the compression has commonly a squeez-
ing effect on the lattice parameters. This anomalous ef-
fect must stem from a change in the tilt of the octahedra
in the new phase. In fact the effect of pressure on the
structure is twofold: on one hand, the pressure acts on
the size of the Mn octahedra taking it closer to a more
symmetric structure characterized by one Mn-O distance.
On the other hand, the pressure induced phase transi-
tion modifies the tilting of the octahedra (figure 3). The
Pnma phase is characterized by a three-tilt system of the
MnO6 octhaedra
38 while in the tetragonal structure the
octahedra are aligned along the b axis (Mn-O-Mn bond
angle along b is 180◦) thus the cell must expand in this
direction in order to accommodate the two Mn-O bonds
along b.
Even if the quality of the data makes the refinement of
atomic positions more uncertain with respect to the pre-
vious results, we notice that the evolution of Mn-O bond
lengths matches well our previous results: at low pres-
sures (P<5-6 GPa) the Mn-O bond lengths appear in-
distinguishable within the statistical uncertainty. Above
5-6 GPa three Mn-O distances are recognizable, pointing
out a larger coherent JT effect. The Mn-O bond lengths
collapse raising the pressure above ∼ 15 GPa, as the
structure evolves from the orthorhombic to the tetrago-
nal phase. The Mn-O bonds remain indistinguishable in
the high pressure orthorhombic region and in the tetrag-
onal phase demonstrating the absence of any coherent JT
effect.
The orthorhombic strains (figure 6(0.25-d)) are sen-
sibly lower than in the LaMnO3 sample. Consistently
with our previous results both Os⊥ and Os‖ decreases
(increases in absolute value) as a function of the applied
pressure. Raising the pressure above 20 GPa causes Os‖
to approach zero before the transition to the tetragonal
phase. In the I4/mcm phase a = b causes Os‖ = 0.
The Os⊥ increases (in absolute value) as a function of
pressure in the whole range investigated. The change of
symmetry causes the change of sign Os⊥ but its modulus
evolves smoothly across the phase transition.
TABLE IV: Refined structural parameters from refinement
of La0.5Ca0.5MnO3 XRD patterns at selected pressures in the
Pnma and I4/mcm space groups. Numbers in parentheses
are statistical errors at the last significant digit. The atomic
positions in the Pnma are: Mn (0., 0., 0.5); La and O(1): (x,
0.25, z); O(2) (x,y,z). In the I4/mcm space group the atomic
positions are: Mn (0., 0., 0.); La/Ca and O(1) (0., 0., 0.25)
and O(2) (x, x+0.5, 0.).
5.9 GPa 20.1 GPa 40.7 GPa
(Pnma) (I4/mcm) (I4/mcm)
a (A˚) 5.3605(2) 5.1536(3) 5.0533(5)
b (A˚) 7.5532(2) 7.5853(7) 7.499(1)
c (A˚) 5.3803(2)
V (A˚3) 217.85(1) 201.47 191.49
La/Ca x 0.0157(4)
z -0.0035(3)
O(1) x -0.0061(3)
z 0.4306(2)
O(2) x 0.718(4) 0.756(1) 0.790(3)
y -0.032(1)
z 0.280(3)
RWP % 1.60 3.59 4.37
χ2 0.2 1.4 1.85
C. La0.5Ca0.5MnO3
The structural refinement of La0.5Ca0.5MnO3 diffrac-
tion pattern as a function of applied pressure shows that
the samples are metrically orthorhombic in the low pres-
sure region and the structure belongs within the Pnma
space group up to 18 GPa. Above this pressure new
peaks appear that cannot be indexed within the Pnma
space group. Similar to the case of x=0.25 sample,
the high pressure phase turns out to be tetragonal with
9I4/mcm space group. The transition is well evident from
the evolution of lattice parameters (Fig. 6(0.5-a)). The
two phases, Pnma and I4/mcm, coexist in a reduced re-
gion around the transition. Before the transition, we do
not observe the sluggish evolution seen for the x=0.25
sample and also the quality of the structural refinement
(χ2) remains good in the whole range allowing to ex-
clude the presence of other phase transitions between the
orthorhombic-to-tetragonal one.
Fitting the V(P) curve with the B-M equation35 in the
Pnma (I4/mcm) phase results in a bulk modulus B0=172
GPa (B0=253 GPa) and its pressure derivative B
′=5.7
(B′=6.4) (table III). As for x=0.25 sample, the bulk
modulus for x=0.5 sample is larger in the I4/mcm phase
pointing out the reinforcement of stiffness through the
orthorhombic-to-tetragonal transition.
La0.5Ca0.5MnO3 has three independent Mn-O dis-
tances in the orthorhombic phase reported in figure 6(0.5-
c). At low pressures, the MnO6 octahedron has six al-
most equal distances. As the pressure increases above
≈ 6 GPa we observe the progressive splitting of the three
Mn-O distances till about 10 GPa where the JT effect
reaches the maximum distortion value of about 0.07 A˚.
At still higher pressures, the Mn-O distances approach
each other reducing the JT distortion (figure 6(0.5-c))
just before the orthorhombic to tetragonal transition.
Nevertheless, in contrast to the x=0.25 sample, struc-
tural refinement gives two distinct Mn-O distances in the
I4/mcm phase pointing out the stability of the coherent
JT effect in that phase.
The Os‖ and Os⊥ (figure 6(0.5-d)) are negative and
decreases (increases in absolute value) raising the pres-
sure toward the orthorhombic to tetragonal transition.
Differently from x=0 and x=0.25 samples Os‖ and Os⊥
present very similar values as a function of pressure in
the orthorhombic phase. The Pnma to I4/mcm phase
transition provokes the drop of Os‖ and the change of
sign of Os⊥ which absolute values increases steeply from
∼ 1% to about 3-4 %.
D. La0.33Ca0.67MnO3
The structural evolution of La0.33Ca0.67MnO3 as a
function of the applied pressure (figure 6(0.67-a,b))
closely resemble that of La0.5Ca0.5MnO3 with a first or-
der Pnma to I4/mcm phase transition. However, this
transition occurs at a lower pressure, that is around 13
GPa, for x=0.67 sample. The two phases coexist till
about 19 GPa. As for the x=0.5 sample, we do not have
evidences of a pre-transition effect below the orthorhom-
bic to tetragonal phase transition. Fitting of the V(P)
curve with a third order Birch-Murnaghan equation35
gives the bulk modulus B0=210 GPa and its pressure
derivative at zero pressure B′=2 (table III) in the Pnma
phase. In the I4/mcm phase, the bulk modulus slightly
decreases to B0 ≈ 190 GPa. The refinement of the
atomic positions point to three different Mn-O distances
5
5.2
5.4
Å
Pnma
5 15 25 35
180
190
200
V (Å3)
P (GPa)
FIG. 7: Lattice parameters (upper panel) and volume (lover
panel) for CaMnO3 sample. The continuous grey line repre-
sent the fitting of V(P) with a B-M equation of state.
in the Pnma phase (figure 6(0.67-c)), distinguishable over
the statistical uncertainty raising the pressure above ≈
3GPa. The maximum differences between the three Mn-
O distances is achieved at around 8-10 GPa where the
JT distortion reach about 0.08A˚. At higher pressures, the
differences become progressively smaller. In the region of
coexistence of orthorhombic and tetragonal phases it is
difficult to achieve a good refinement of atomic positions,
however two distinct Mn-O distances are observed in the
high pressure tetragonal phase suggesting the stability of
the coherent JT effect in that high pressure phase.
As for the other samples the Os‖ and Os⊥ (fig-
ure 6(0.67-d)) are negative and decreases (increases in ab-
solute value) raising the pressure toward the orthorhom-
bic to tetragonal transition. We notice that Os‖ and Os⊥
are similar in the Pnma phase, and have similar trend, as
already found in x=0.5 sample and differently from x=0
and x=0.25 samples. The orthorhombic to tetragonal
phase transition is characterized by a a large discontinu-
ity in Os⊥ increasing from ∼ −1% to more than 4%.
E. CaMnO3
In CaMnO3, unlike all the other compounds along in
this series, no phase transition was detected up to 45 GPa
(figure 7). As described before, there are only Mn4+
manganese ions in this compound, which adopt a low
spin configuration and no Jahn-Teller distortion. The
stability of the CaMnO3 structure under applied pressure
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TABLE V: Refined structural parameters from refinement of
La0.33Ca0.67MnO3 XRD patterns at selected pressures in the
Pnma and I4/mcm space groups. Numbers in parentheses
are statistical errors at the last significant digit. The atomic
positions in the Pnma are: Mn (0., 0., 0.5); La and O(1): (x,
0.25, z); O(2) (x,y,z). In the I4/mcm space group the atomic
positions are: Mn (0., 0., 0.); La/Ca and O(1) (0., 0., 0.25)
and O(2) (x, x+0.5, 0.).
3.5 GPa 19.1 GPa
(Pnma) (I4/mcm)
a(A˚) 5.3386(4) 5.1444(4)
b(A˚) 7.5273(5) 7.6152(7)
c(A˚) 5.3698(4)
V(A˚3) 215.79(1) 201.53
La/Ca x 0.089(6)
z 0.0145(6)
O(1) x 0.576(6)
z 0.002(2)
O(2) x 0.275(5) 0.286(1)
y 0.0217(1)
z 0.693(3)
RWP % 2.40 2.23
χ2 0.3 0.9
demonstrates that Mn3+ doping is essential in stabilizing
the high pressure tetragonal phase.
The V(P) curve in CaMnO3 sample has been fit-
ted with a third order Birch-Murnagan equation giving
B0=171 GPa and B
′ = 5.9. In this sample, B0 slightly
decreases with respect to the value found in x=0.67. This
decreasing trend contrasts the increasing of B0 as a func-
tion of x found in the other samples. This effect is par-
tially due to the neglect of fourth order terms in the
B-M fitting that, in addition, gives a quite large B′ that
contrasts with the isotropic compressibility of this struc-
ture. The fourth order fit (table III) gives indeed a larger
B0 ∼195 GPa and a lower B′ ∼2.9.
IV. DISCUSSION
The plots in figure 6 describe the structural phase di-
agram of La1−xCaxMnO3 as a function of composition
and applied pressure. The extreme compounds remain
orthorhombic in the whole pressure range investigated.
Nevertheless the LaMnO3 depicts a complex evolution
of the cell edges and a Pnma to Imma phase transition
that are absent in the CaMnO3 sample, where the only
effect of pressure is the isotropic squeezing of the unit
cell. This difference must be related to the JT nature of
Mn3+ ions, in x=0 samples, opposite to the undistorted
MnO6 octahedra in x=1 samples.
All the doped compounds, at low pressure, are in the
orthorhombic phase and evolve toward a tetragonal one
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FIG. 8: Normalized pressure FE=P/3fE(1+2fE) versus the
Eulerian strain fE=
(V/V0)
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for x=0.25 sample. V0 is the
cell volume at ambient conditions.
on raising the pressure. This phase transition is closely
related to the Ca doping: the onset of orthorhombic to
tetragonal transition moves to a lower pressure as the Ca
content increases. Moreover, the nature of this transition
is different in the hole doped (x < 0.5) and in the elec-
tron doped (x ≥ 0.5) composition regions: in x=0.25 the
transition appears smooth and the presence of interme-
diate parasitic phases can be hypothesized on the basis
of the reduced refinement accuracy (larger χ2). On the
contrary the x=0.5 and x=0.67 samples depict first order
Pnma to I4/mcm transition.
The increasing of Ca content has a clear effect on
the energetic cost for the orthorhombic to tetragonal
transition (∆E = P∆V ). For x=0.75 the Pnma-
I4/mcm phase transition is very smooth and we found
∆V =V(tetra)-V(ortho)=-0.53 A˚3 at P = 26.4 GPa, giv-
ing to ∆E = −8.4 KJ/mole. For x=0.50 ∆V = 1.07A˚3
at P=19.5 GPa corresponding to ∆E = −12.56 KJ/mole
and, for x=0.33 ∆V = 2.33A˚3 at P=17.33 GPa, corre-
sponding to a ∆E = −24.33 KJ/mole. This means that
on increasing the Ca doping the tetragonal phase needs
more energy to be stable and this is confirmed by the
progressive widening of the coexistence region of the two
phases in figure 6. To explain this finding, we notice that
the Pnma structure responds to the hydrostatic com-
pression not only by squeezing the MnO6 octahedra but
also by acting on their relative orientation, i.e. chang-
ing the Mn-O-Mn bond angle, that is less expensive for
the energetic balance. In the Imma and I4/mcm phases,
the tilting mode changes and the octahedra are aligned
along one direction: along the [101] direction in the Imma
phase (figure 3b) and along the b axis in the I4/mcm
phase (figure 3c). Moreover, the coordination for the
cation (La/Ca) changes from 8 (Pnma) to 10-12 in the
I4/mcm-Imma phase. These changes make the structure
more rigid as confirmed by the overall increasing of the
lattice stiffness across the Pnma-I4/mcm phase transi-
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tion (table III).
All the doped compounds, in a range of the high pres-
sure region, exhibit an evident splitting of Mn-O dis-
tances signalling the enhancement of coherent JT distor-
tions. The analogous trend has been already reported for
x=0.25 sample27. Moreover in x=0.5 and x=0.67 sam-
ples two Mn-O distances remains well distinct even in
the high pressure tetragonal phase. These findings, to-
gether with previous high pressure resistivity27, Raman26
and infra red25 spectroscopy results, demonstrate that,
at high pressures, a mechanism competes with the pres-
sure induced reduction of the distortions and charge de-
localization, as observed at the low pressures19,23. This
mechanism is largely unexpected on the basis of a model
involving only DE and e-p interactions. In fact squeez-
ing the structure raises eg electron hopping integral; thus,
increased pressure is expected to enhance the charge mo-
bility. In addition, since the polaron stability is inversely
proportional to the charge mobility, the squeezing of
the structure is expected to bring the system in a less
distorted-metallic phase, in contrast to the experimen-
tal result, at least in some regions of the high pressure-
concentration phase diagram.
To explain these findings, other mechanisms must be
taken into account, and these could be the cooperative
JT effect and the SE coupling. The stability of JT dis-
tortion is related to the difference between the energy
gained by the on-site distortion and the energy spent
by the lattice to bring about such a distortion. In case
of cooperative JT effect, the ordered orbital allow for
alternating elongated and compressed Mn-O bonds, re-
ducing the net lattice distortion, thus making the JT
polaron energetically more stable. This effect has been
invoked22 to explain the pressure induced stabilization
of a low temperature CO phase to the detriment of FM
phase in (Nd,Sm)0.5Sr0.5MnO3 perovskites. On the other
side the SE coupling, being fundamental in stabilizing the
CO phases in x ≥ 0.5 compounds, must also play a role.
Theoretical simulations have indeed suggested the possi-
bility of FM to CO phase transition as a function of the
SE coupling strength39,40.
We have studied structural the high pressure phase di-
agram of La1−xCaxMnO3 perovskites. Our findings de-
tail the peculiar structural evolution of sample structure
as a function of pressure and composition and suggest
that squeezing the structure under hydrostatic pressure
has a profound effect on the relative strength of the in-
volved interactions, namely DE, SE and charge to lattice
coupling.
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